Introduction
Plastics are widely used as industrial products through their excellent workability and durability. The production rate of plastic base materials in Japan recently reached around 15 million tons per year. Along with this high production rate, the quantity of waste plastics including scrap packages and containers has shown a rapid increase, accounting for about 9 million tons per year as shown in Fig.  1 .
1) However, in Japan, only 39% of the waste plastics is utilized for a material recycling, chemical recycling and thermal recycling, and the remainder is either burned in a simple incinerator or used as landfill. The development of new recycling technology has become an urgent issue for industry and society because of the various problems arising from simple incineration of waste plastics and of the shortage of landfill sites. As seen in many industrial countries, the practical use of an efficient recycling system for waste plastics has become a critical issue for the current society that aims to achieve harmony with the environment effectively.
The authors proposed a method for utilizing the ever-increasing quantity of waste plastics by injecting it into a blast furnace as a raw material to further strengthen environmental conservation and resource recycling. [2] [3] [4] In this process, waste plastics excluding polyvinyl chloride are used as a substitute reducing agent for coke and pulverized coal. Polyvinyl chloride is considered to take a form of hydrogen chloride in a furnace which is hampered due to such problems as the corrosion of blast furnace facilities.
5) The utilization of waste plastics has been adopted in Germany. 6) Nevertheless, there are very few reports that describe in detail the behavior of waste plastics injected into a blast furnace and the optimum condition on the plastics injection such as their size based on them. 7) This paper describes the combustion and gasification behavior of plastics in the blast furnace carried out to develop effective waste plastics recycling system in ironmaking process.
Plastics Injection Test in the Commercial Blast Furnace

Experimental Method
To clarify the behavior of waste plastics in a blast furnace, injection tests were conducted at NKK Keihin No.1 blast furnace. Figure 2 shows the experimental apparatus of plastics injection. Waste plastics were discharged from a bunker, transported to a blast furnace by nitrogen and in- At Keihin No. 1 Blast Furnace, waste plastics recycling system was installed in Oct. 1996. Before the installation of that system, the behavior of waste plastics injected into the blast furnace has been studied with the raceway hot model and the commercial blast furnace so as to investigate the possibility of effective waste plastics utilization in the blast furnace. From the observation of plastics particle injected into the raceway of blast furnace, it was estimated that combustibility of coarse plastics was much different from that of pulverized coal. The combustion point of coarse plastics located to deep domain in raceway compared with that of pulverized coal. Although C 1 -C 4 hydrocarbons due to the decomposition of plastics was detected in in-furnace, the decomposition products of plastics in the blast furnace top gas and dust were the same as that of pulverized coal injection. The preparation method of plastics had an influence on the combustion and gasification behavior in the raceway. The coarse plastics gave high combustion and gasification efficiency compared with fine plastics and pulverized coal, and CO 2 gasification rate of unburnt char derived from waste plastics was much higher than that of pulverized coal. Thus, it was concluded that coarse waste plastics could be effectively utilized as a reducing agent in the blast furnace. On the basis of above results, the waste plastics recycling system was designed.
jected into 5 of the 40 tuyeres of blast furnace. Waste plastics injection rate was 59.0 kg/min with 3.0 of the solid/gas weight ratio. The combustion and gasification behavior of waste plastics immediately just after injected into a blast furnace was examined by a high speed camera and gas sampling in a raceway using a raceway probe. 8) The in-furnace behavior during plastics injection was analyzed by gas sampling using a Feeding Type Vertical Probe (FVP) just over the tuyere with plastics injection. The main experimental conditions are listed in Table 1 . The size of waste plastics has a great influence on the design of injection system such as the grinding ability and transportation condition. Therefore the size of plastics was changed; crushed particles of 0.2-1.0 mm and -10.0 mm, and agglomerated particle of -10.0 mm were injected. Agglomerated particles were made from film-like plastics by heating. Regarding the hardness of these particles, the crushed particle has a larger value than the agglomerated particle. The fuel equivalence ratio 9) of waste plastics and pulverized coal are 1.93 and 2.11 respectively. The details of analysis methods as shown in Fig. 3 are as follows.
(1) Analysis by a high speed camera Photographs were taken at a speed of 1/13 500 sec through an observation window at a tuyere to observe the combustion behavior of waste plastics just after injected into the blast furnace. The original photographs were then processed by image processor so that the combustion and gasification phenomena of plastics particle could be clearly recognized.
(2) Gas sampling in a raceway The raceway probe was inserted through the tuyere for sampling the generated gas in the furnace. The gas collected was analyzed to measure the gas distribution in a raceway. (3) Gas sampling from in-furnace The gas generated in the furnace during the injection of waste plastics was sampled at three radial points in the furnace (center, middle and periphery) using FVP.
(4) Analysis of blast furnace top gas and dust from blast furnace To confirm the decomposition of waste plastics to light hydrocarbon(C 1 -C 4 ) and tar, the blast furnace top gas and dust from blast furnace were analyzed. Figure 4 shows the photographs immediately after injected into the raceway. For comparison, the figure also shows a photographic analysis of pulverized coal (-74 mm, 80 mass%), which is conventionally used as a fuel. Waste plastics in a size range of 0.2 to 1.0 mm had a similar behavior to the pulverized coal, showing that the waste plastics of this size was instantaneously combusted and gasified at the injection point. On the other hand, crushed plastics of a size of -10.0 mm and agglomerated plastics of the same size injected into the furnace indicated inactive combustion.
Experimental Results
Direct Observation of Waste Plastics Injected into the Raceway
Image processing was applied to the photographs to clarify the characteristics of combustion and gasification. The photograph was analyzed using an image processor to divide the image brightness into 255 gradations. In the analyzed images, the area with 0-25, 25-50, 50-170 and 170-255 region were assumed to be the injection lance, preheating domain (B) of particles, combustion domain (A) of particles and in-furnace respectively, on the basis of the analyzed image of all coke condition and observation result of images during pulverized coal injection. These definitions are shown in Fig. 5 . Higher values for the area ratio A/B between the combustion and preheating domains suggest better combustibility. Active fluctuation of the area ratio A/B with process time indicates that the gasification and combustion of fuel is in an active state. Figure 6 shows the changes of area ratio, A/B, with process time. The combustibility of waste plastics is inferior to that of pulverized coal. The magnitude of fluctuation of the area ratio is on a small scale in the case of waste plastics compared with pulverized coal, indicating that pyrolysis and combustion on the surface of the waste plastics are not active. Plastics with the size ranges of 0.2-1.0 mm gave higher area ratio compared with the size of -10.0 mm. It is estimated that the agglomerated plastics show slightly higher combustibility than the crushed plastics in spite of the same particle diameter. In addition to the particle size, the preparation method of crushing or agglomeration has an influence on combustibility due to their hardness. Figure 7 shows the change in oxygen concentration in the raceway during the injection of plastics particles with a size of -10.0 mm in the commercial furnace. For reference, the figure also shows the results of all coke and pulverized coal injection. For the case of pulverized coal injection, oxygen concentration in the raceway was rapidly decreased in front of the tuyere. On the other hand, for the waste plastics injection, oxygen concentration was gradually decreased. This change is similar to that of all coke operation. These results are consistent with the results as shown in Fig. 6 . Namely it suggests that the combustibility of plastics is inferior to that of pulverized coal. Figure 8 shows the hydrogen concentration and C 1 -C 4 hydrocarbons concentration sampled by FVP at the center, middle and periphery along the radius of in-furnace during injection of different sizes of waste plastics. For the waste plastics with the size ranges of 0.2-1.0 mm, the C 1 -C 4 hydrocarbons concentration in periphery of blast furnace became higher than that in center of blast furnace. On the contrary, for the waste plastics with a size of -10.0 mm, the opposite tendency of C 1 -C 4 hydrocarbons concentration was observed, namely, its concentration in the center was higher than that in the periphery. With regard to the hydrogen concentration in furnace during plastics injection with a size of 0.2-1.0 mm, its concentration indicated the same level at the center, middle and periphery of blast furnace. For the plastics with a size of -10.0 mm, hydrogen concentration at the center became higher than those at the middle and periphery. As compared with plastics injection of 0.2-1.0 mm and -10.0 mm, the difference of hydrogen concentration at periphery in furnace was larger than that at the center. These results suggest that the positions of combustion and gasification of waste plastics in the raceway vary with particle size. From the fact that the C 1 -C 4 hydrocarbons was detected in the in-furnace gas during the plastics injection, it is feared that the tar compounds which stick to the blast furnace facilities are possibly generated due to the decomposition of plastics in the furnace. Thus, the C 1 -C 4 hydrocarbons concentration and tar contents in blast furnace top gas and dust were measured. Figure 9 shows the C 1 -C 4 hydrocarbons concentration in the blast furnace top gas. As shown in Fig. 9 , light hydrocarbons concentration such as C 1 -C 4 hydrocarbons during plastics injection was equal to that of normal operation (pulverized coal injection). Especially, C 1 -C 4 Hydrocarbons detected was almost CH 4 , and the C 2 -C 4 hydrocarbons due to decomposition of plastics was negligible in all cases of plastics injection with size of 0.2-1.0 mm and -10.0 mm. Figure 10 shows the tar contents in the blast furnace dust during plastics injection. Tar dissolved in toluene in the blast furnace dust was measured. Total tar contents during plastics injection were the same as that during pulverized coal injection. Therefore, it was confirmed that the problem of sticking by tar generated from plastics decomposition was less possible.
Combustion and Gasification Behavior of Plastics in the Raceway
In-furnace Phenomena during Plastics Injection
Influence of Plastics Size on In-furnace Phenomena
From the results of plastics injection tests in the commercial blast furnace, in the case of fine plastics with sizes ranging from 0.2 to 1.0 mm, the hydrogen gas derived from plastics decomposition was mainly detected in the periphery compared with the size of -10.0mm. Moreover, the distribution of C 1 -C 4 hydrocarbons concentration from plastics decomposition in radius of furnace during plastics injection with a size of 0.2-1.0 mm was much different from that with a size of -10.0 mm. Therefore, it was estimated that fine plastics was presumably burn out in front of the tuyere, generating reducing gases. On the contrary, coarse waste plastics with a size of -10.0 mm started combustion and gasification in a deep domain of the raceway. These combustion and gasification behavior affected by plastics size has an influence on the gas flow derived from plastics injection. This behavior can be schematically represented as shown in Fig. 11 .
Experiments by the Raceway Hot Model
Experimental Equipment and Method
To estimate the detailed plastics combustion and gasification phenomenon in a raceway, injection experiments were carried out by the raceway hot model. 3) This model which has one tuyere and consists of coke-packed bed column and a blow pipe section simulates the lower part of the blast furnace and a raceway is formed by blowing hot blast under the same conditions as that of a commercial blast furnace through a tuyere. Probe can be inserted through the opposite wall from the tuyere for sampling the generated gas and dust at arbitrary radial positions in the furnace. Furthermore, temperature distribution in the raceway was measured by means of an optical fiber radiation thermometer which can be used at high temperature over 1 400°C.
10)
The combustion and gasification efficiency of the injected waste plastics was estimated by the replacement ratio of plastics to coke.
10) The main experimental conditions are listed in Table 2 . The fuel equivalence ratio of waste plastics and pulverized coal are 0.70 and 0.78 respectively.
Experimental Results in the Raceway Hot Model
Change of Raceway Phenomena by Plastics In-
jection In order to analyze the change of raceway phenomena during plastics injection, the gas composition in the raceway for various sizes of plastics were measured. Figure 12 shows the distribution of gas composition in the raceway during plastics injection in the raceway hot model. For reference, this figure also shows the results of pulverized coal injection and all coke operation. As shown in Fig. 12 , the distribution of gas composition during plastics injection was basically similar to the all coke operation. In the case of pulverized coal injection, oxygen was rapidly consumed in front of tuyere. This behavior is similar to that in commercial blast furnace as shown in Fig. 7 .
With regard to preparing method of waste plastics, in the case of the crushed waste plastics, CO 2 concentration peak was located in the 200-300 mm region from the tuyere nose. Moreover, that peak was shifted to the deep region from the tuyere nose with an increase in particle diameter. On the other hand, for the agglomerated waste plastics, the position of CO 2 concentration peak was located in the 100-150 mm region from the tuyere nose. Then, the change of CO 2 concentration peak point by the difference of plastics particle diameter was not clearly recognized. Figure 13 shows the temperature peak point from the tuyere nose measured by the optical fiber. Ordinarily, it is difficult to measure the temperature in the raceway, however, the optical fiber based on radiation thermometer enables to measure directly the gas temperature over 1 400°C. Temperature peak point indicates the focus of combustion where the reaction of combustion proceeds at the most active state. 10) According to Fig. 13 , the tendency of temperature peak point for each condition is similar to CO 2 concentration peak point. In the case of crushed coarse plastics, the focus of combustion comes closer to the tuyere nose with decrease of particle size. From these results in Figs. 12 and 13, it was suggested that the combustion and gasification behavior of plastics in the raceway was dependent on not only plastics size but its preparing method. Figure 14 shows the relationship between the combustion and gasification efficiency of waste plastics and the plastics particle diameter. The combustion and gasification efficiency of these waste plastics increased with an increase in particle diameter. For the case of agglomerated plastics with a size of 3.10 mm, its efficiency was about 80%. Whereas, the crushed plastics with a size of 3.50 mm attained almost 100% efficiency. These finding is basically different from the behavior of pulverized coal which is conventionally used as a fuel. 9) In the case of pulverized coal, the combustion efficiency decreased with an increase in particle diameter. 9) On the contrary, coarse plastics particles shows higher combustion and gasification efficiency than fine plastics particles.
Combustion and Gasification Efficiency of Plastics
Moreover, the combustion and gasification efficiency of agglomerated plastics as a whole was lower than that of crushed plastics in spite of the same particle diameter.
These differences suggest that the property of crushed plastics particle differs from that of agglomerated particle, although the chemical composition of crushed plastics is the almost same as that of agglomerated plastics.
Combustion and Gasification Mechanism of
Plastics The combustion rate of plastics is not active compared with pulverized coal, however, the C 1 -C 4 hydrocarbons and tar compounds due to the decomposition of plastics in the blast furnace top gas and dust were the same as pulverized coal operations. It was estimated that the combustion and gasification mechanism of coarse plastics in the raceway was different from that of fine plastics and pulverized coal. Those results in the raceway hot model showed the tendency that the combustion and gasification efficiency of plastics became higher with increase of the plastics particle diameter. The authors confirmed that the residence time of coarse particle in the raceway increased with increase of the particle diameter by the cold-model experiment.
11) Namely, coarse particles can keep longer residence time in the raceway. The combustion and gasification mechanism of plastics in the raceway can be represented as shown in Fig. 15 . It is considered that pulverized coal particles and fine plastics pass through the raceway with high velocity gas from the tuyere, while coarse plastics particles are held within the raceway due to the largeness of particle, and they can retain sufficient retention time for combustion and gasification in the raceway. The plastics particle does not break up by the rapid heating in the raceway unlike coal particle. Therefore, coarse plastics particle can attain higher combustion and gasification efficiency.
Regarding the waste plastics properties, it seems that its combustion and gasification efficiency depends on the preparing methods of waste plastics. The combustion and gasification efficiency of crushed plastics became higher than that of agglomerated plastics, although the agglomerated plastics was better combustibility compared with the crushed plastics as shown in Figs. 12 and 13 . The combustion and gasification efficiency of crushed coarse plastics in the raceway reached to about 100%, while its efficiency of agglomerated coarse plastics gave about 80%. From the observation of plastics particle in blow-pipe section of raceway hot model, for the agglomerated plastics, its particle size at 900 mm from injection point was smaller than that at injection point. On the other hand, for the crushed plastics, the change of its particle size was not recognized in blowpipe section. It was reported that the coarse plastics particle was split into the small size particle by rapid heating. 7) Therefore, it is estimated that the agglomerated coarse plastics was easily disintegrated into the fine particles in the raceway by thermal shock as shown in agglomerated plastics was made from the film-like plastics by heat. On the other hand, the crushed plastics was a particle with hard property because it was made from the solid plastics. As a results, the disintegrated particle from agglomerated plastics shows similar property in combustibility to fine particle. Therefore, it is suggested that the behavior of agglomerated plastics was different from that of crushed plastics.
Reactivity of Unburnt Char from Plastics
As shown in Fig. 14 , the agglomerated plastics with a size of 3.10 mm has about 80% efficiency. From this results, it is considered that the unburnt char generated from the waste plastics accumulates in a blast furnace and possibly cause problem on permeability. Thus, the reactivity of unburnt char derived from the waste plastics with solutionloss reaction attracts a special attention. Then, the reactivity of unburnt char was measured by use of a thermobalance analysis. The unburnt char from plastics was prepared by coking of waste plastics in nitrogen gas atmosphere at 1 000°C. Figure 16 shows the CO 2 gasification rate of char from waste plastics. For reference, also the results of char derived from pulverized coal was shown in Fig. 16 . The char from waste plastics and pulverized coal tested is a size range of 0.4-0.5 mm and 0.05 mm respectively. According to the results, the CO 2 gasification rate of char from waste plastics was 10 times higher compared with that from pulverized coal, although the particle diameter of char from waste plastics was 10 times larger than that of char from pulverized coal. Reactivity of carbon with CO 2 and H 2 O is dependent on not only its surface area but also its structure. 12, 13) This results suggest that the structure of char from waste plastics is composed of an isotropic texture with high activity with CO 2 . From these finding, it is concluded that the unburnt char derived from waste plastics can be easily consumed in a blast furnace.
Estimation of Maximum Injection Rate of Plastics
From the results of agglomerated plastics in the raceway hot model, it is considered that the unburnt char from plastics is generated on massive plastics injection, because of the disintegration of agglomerated plastics into fine particle by thermal shock. Therefore, the combustion and gasification efficiency in the commercial blast furnace was estimated with mathematical model. 14) From the results on the combustion and gasification efficiency of agglomerated plastics, the amount of unburnt char generated from the raceway was calculated as shown in Fig. 17 . Also, the amount of carbon consumed by solution-loss reaction for each fuel rate level that was calculated by Rist Diagram is given. Assuming that the unburnt char was consumed only by solution-loss reaction, the point where the amount of unburnt char and solution-loss carbon cross represents the upper limit of injected fuel rate, the maximum fuel rate varies according to the plastics particle diameter. Therefore, it was estimated to be 140 and 250 kg/thm, respectively, for the size of 0.85 mm and 3.10 mm of the agglomerated waste plastics. From these results, coarse plastics particle was considered to be more suitable for massive injection into a commercial blast furnace. Moreover, in addition to size of plastics, special attention should be paid to the preparation method of plastics.
Commercial Process of Waste Plastics Recycling System in Blast Furnace
From the above results of waste plastics injection, the waste plastics recycling system was installed in NKK Keihin works in October 1996 as shown in Fig. 18 . The facility has an annual treatment capacity of 30 000 tons of industrial waste plastics, polyethylene, polypropylene and polystyrene, excluding polyvinyl chloride. Polyvinyl chloride can not be used in a blast furnace because of the acid corrosion of blast furnace facility. The waste plastics recycling system consists of the preparing raw material from various waste plastics and blowing system for a blast furnace. In the preparing raw material from waste plastics, collected plastics are processed in two lines for films and solids. Recovered and separated film plastics are melted and agglomerated by use of its friction heat, while solid plastics are crushed. This equipment can process waste plastics of a suitable size for injecting into the blast furnace. 
Conclusions
Through waste plastics injection experiments with the commercial blast furnace and the raceway hot model, the following results were obtained.
(1) Combustion and gasification behavior of waste plastics in the commercial blast furnace was much different from that of pulverized coal. These combustion and gasification behaviors were affected by plastics particle size.
(2) From the experiments using commercial blast furnace, although C 1 -C 4 hydrocarbons due to decomposition of plastics was detected in the raceway and in-furnace, the decomposition products of plastics, C 1 -C 4 hydrocarbons and tar in the blast furnace top gas and dust were the same level as in the pulverized coal injection. Therefore, it was confirmed that the problem of sticking in the gas cleaning system by tar generated from plastics decomposition was less possible.
(3) According to the results of CO 2 concentration peak and temperature peak in the raceway, the combustion point of plastics varied with its particle diameter and preparation method. The combustion and gasification efficiency of waste plastics became higher with the increase of its particle size.
(4) The preparation method of waste plastics has an influence on the combustion and gasification behavior in the raceway. The combustion and gasification efficiency of agglomerated plastics was less than that of crushed plastics with the same size.
(5) CO 2 gasification rate of unburnt char derived from waste plastics was much higher than that of pulverized coal. Therefore, the unburnt char from waste plastics can be easily consumed in a blast furnace.
(6) Assuming that the unburnt char was consumed only by solution-loss reaction, the maximum injection rate was influenced by the plastics particle diameter and their properties such as hardness. Thus, it is considered that the massive injection of waste plastics is enabled by selecting the appropriate particle diameter and preparation method of plastics.
On the basis of fundamental researches, the commercial process installed in Keihin No. 1 BF has been successfully operated and contributes to the favorable recycling of waste plastics.
